ABSTRACT This paper proposes a flexible method for designing frequency-invariant (FI) beamformers, which is suitable for circular arrays mounted on acoustically transparent and infinite rigid cylinders. The closed-form weighting vectors at each frequency are accurately derived by approximating to a general complex-weighted desired beampattern from the minimum mean square error perspective. It is found that these obtained weighting vectors are all closed-form functions of the desired complex weighting vectors. A multiple-constraint optimization problem is formulated, and its solution gives the optimal desired weighting vector subject to different constraints. Then, the weighting vectors at other frequencies can be straightforwardly computed based on the previously derived analytical functions. The proposed method provides flexible schemes to design different FI beamformers for circular sensor arrays. The good performance of the proposed method is demonstrated using simulations and experimental results.
I. INTRODUCTION
Frequency invariant (FI) beamformers are required in many applications such as sonar, radar, audio engineering, wireless communication, with the aim of processing broadband signals without any distortion and meanwhile suppressing interferences and ambient noise [1] , [2] . Many methods have been proposed to design FI beamformers for different sensor arrays. Harmonic nesting is a widely used method which can obtain FI beampatterns in different frequency bands using different subarrays with appropriate apertures and sensor spacings [3] . The method proposed in [4] can synthesize FI beampatterns by approximating a continuous sensor, that has been used to develop a FI beampattern property, with a discrete one-, two-, or three-dimensional sensor array. Decoupling the frequency-dependent and frequency-independent terms in the spatial response can also yield an alternative way to synthesize FI beampatterns [5] , [6] . The optimization algorithm was applied in [7] to design constant mainlobe response beamformer for arbitrary sensor arrays in the time domain. The design of FI beamformers in [2] was achieved based on simple multi-dimensional inverse Fourier transforms by exploiting the relationship between the array's spatial and temporal parameters and its beampattern. The approach proposed in [8] can provide superdirective FI beampatterns, which takes into account of the statistics of random errors to improve the robustness.
As a simple array configuration, circular sensor arrays are widely used in different scenarios, and designing appropriate FI beamformers for circular arrays is always an important task in practice. Apart from the general methods [4] - [7] that can be used for arbitrary arrays, some specific methods such as the modal method [9] - [11] and the differential beamforming technique [12] , have been also proposed to design FI beamformers for circular arrays. Some recent advances will be mainly reviewed in the following. An optimal accurate closed-form solution has been derived for circular arrays in [13] based on the least-squares error (LSE) approximation to a desired beampattern, and its desired beampattern is obtained using a reference circular array. Furthermore, the desired beampattern is expressed in a general form in [14] , and a closed-form weighting vector is also accurately derived such that synthesizing a specific beampattern, such as a supercardioid, becomes convenient. The solution in [15] provides another way to design FI beampatterns for circular microphone arrays, which was obtained by approximating the beampattern to a generally formulated desired one based on the finite Jacobi-Anger expansion of the exponential function in beampattern. In the low-frequency range of interest, it was demonstrated in both [14] and [15] that adding elements is an optional effective way to improve the robustness. Reference [10] studied optimal modal beamforming for circular arrays in detail, which can achieve FI beampatterns with robustness and sidelobe constraints. Unlike the methods synthesizing symmetric FI beampatterns in [10] , [14] , and [15] , an asymmetric design method for circular differential microphone arrays (CDMAs) was proposed in [16] . It was shown that the asymmetric design method allows more degrees of freedom that can be exploited to achieve better performance in terms of directivity and robustness than the above-mentioned symmetric methods. In addition, it is observed that the methods in [10] and [16] can obtain the weighting vectors without any desired beampattern. Specifically, the weighting vectors at each frequency in [10] were calculated under different constraints using an optimization technique and the FI beampatterns in [16] were synthesized given a priori null and attenuation constraints that are determined according to the theoretical optimal asymmetric desired one. By contrast, the methods in [13] - [15] all require a desired beampattern, but it is not sure that the given desired beampattern is the optimal one subject to the constraints.
This paper proposes a flexible method for designing FI beamformers with circular arrays mounted on different cylinders. The desired beampattern is expressed in a complex-weighted general form that is different from the desired real-weighted one in [14] . The closed-form weighting vectors at each frequency can also be accurately derived based on the minimum mean square error (MMSE) approximation, which are all functions of the desired weighting vectors. A multiple-constraint optimization problem is then formulated, and the optimal desired weighting vector subject to different constraints can be achieved. The weighting vectors at other frequencies can be straightforwardly computed based on the previously derived analytical functions. The proposed solution provides flexible schemes to design different FI beamformers for circular arrays, and yields both symmetric and asymmetric FI beampatterns according to the properly selected constraints. Simulations and experimental results will be provided to demonstrate the good performance of the proposed method.
The rest of this paper is organized as follows. Section II gives a brief description of the signal model and derives the relation formulation between the desired weighting vector and the weighting vectors at other frequencies. Section III presents the optimal FI method and compares it with other methods. Section IV introduces several special cases of the optimal method and describes the detailed simulations and experimental results. Section V presents some remarks. Finally, section VI summarizes the conclusions.
II. SIGNAL MODEL
A circular array composed of M uniformly spaced point-like omnidirectional elements mounted on different cylinders is considered. The input signal is a unit-magnitude plane wave from direction (θ, φ), where θ and φ denote elevation and azimuth angles, respectively. The manifold vector is p(ka, θ, φ) = [p 0 (ka, θ, φ), p 1 (ka, θ, φ), . . . , p M −1 (ka, θ, φ)] T with the mth element being [17] 
where
and i = √ −1, a denotes the radius of the circular array, k = 2π/λ is the wavenumber, λ denotes the wavelength. The superscript T indicates the transpose. The azimuth angle of the mth element is φ m = mβ and β = 2π/M . The relation b n = b −n holds. Note that p m (ka, θ, φ) = exp[ika sin θ cos(φ −φ m )] is also equivalently used for acoustically transparent circular arrays.
The beampattern or directivity pattern describes the sensitivity of the beamformer to a plane wave impinging on the array from direction (θ, φ), which is defined as [13] , [18] 
where w is the weighting vector in the element-space and it is w(ka, θ, φ) = [w 0 (ka, θ, φ), w 1 (ka, θ, φ), . . . , = T H . The preset steering direction is (θ 0 , φ 0 ) and the superscript H indicates the Hermitian transpose. Since circular arrays are suitable to synthesize a desired beampattern for one elevation, the elevation is often set to θ 0 = π/2 which is also the case in this paper. In other words, the formulations presented below are all based on a two-dimensional sound far-field model.
The directivity factor (DF) or its logarithmic versiondirectivity index (DI) describes the ability of an array to suppress an isotropic noise field and is equivalent to the array gain in this noise field, which can be expressed as [18] 
and DI = 10lg(DF), respectively, where p 0 = p(ka, θ 0 , φ 0 ), E 0 = E(ka, θ 0 , φ 0 ), R n is the normalized noise covariance matrix and its entries in the cylindrical isotropic noise are [19] 
for acoustically transparent circular arrays, and
for circular arrays on infinite rigid cylinders, where 
s=0 r s e ismβ are the eigenvalues of R n and diag{·} denotes a square matrix with the elements of its arguments only on the main diagonal. The approximations of λ m in the low-frequency band (ka < M /2) is [18] 
regardless of whether M is even or odd. The above equations are directly derived based on the conclusion in [18] in cylindrical isotropic noise. The relation λ M −m = λ m holds. The sensitivity function (SF) is always used to evaluate the robustness of a beamformer, which is defined as
Its logarithmic version is termed sensitivity index (SI), i.e., SI = 10lg(SF). A direct and simple FI beamforming method is to find the MMSE approximation to a desired beampattern, and the optimal accurate closed-form solutions have been derived for circular arrays in [13] . An alternative method is recently proposed in [14] , in which the desired beampattern is formulated as a real-weighted general form, and designing symmetric specific beampatterns, such as cardioids and supercardioids becomes more convenient than the method in [13] . In this paper, the desired beampattern is formulated as a complex-weighted general form, which is
where N (N > 0) is the maximum order, ''•'' denotes the Hadamard product, the superscript asterisk indicates the complex conjugation,
T is a complex-valued vector, and we assume that
. If the vector a is set to be real and let a −n = a n , (10) will be similar to the expression of desired beampattern shown in [14] . In other words, the desired beampattern in [14] is just a special case of (10) . The DF of the desired beampattern is then derived as
The weighting vectors can be readily obtained based on the MMSE criteria similar to the procedure in [14] , which is
Specifically,
when M is even and N ≤ M /2. The DF, SF, and MMSE will be
respectively. Moreover,
when M is odd and N ≤ (M − 1)/2. The DF, SF, and MMSE will be
respectively. Note that the cases in which M is even and N ≥ M /2 as well as M is odd and N > (M − 1)/2 are not considered in this paper, because the corresponding MMSEs in these cases are sometimes slightly large. Furthermore, (14)∼ (16) and (18)∼ (20) can be rewritten as
respectively, where the expressions of the vectorā, the matrices Σ DF , Σ SF , and Σ δ are shown in the following.
1) M is even and N < M /2
In this case, we havē
2) M is odd and N ≤ (M − 1)/2 In this case, we havē
The matrices Σ DF , Σ SF , and Σ δ in both cases are the diagonal matrix and their entries are all real-valued.
III. FLEXIBLE FI BEAMFORMER DESIGN A. BASIC FORMULATION
It is clear that the DF, SF, and δ are all closed-form functions of the desired vectorā. Asā is provided, the weighting vectors at different frequencies will be determined. The methods proposed in [14] and [15] synthesize FI beampatterns all based on a given desired vectorā, but it is not sure that the givenā is the optimal one subject to the constraints. Actually, the optimalā under some given constraints can be achieved and this is the focus of this section.
Because the large SF indicates low robustness, it is necessary to keep SF smaller than a suitable value µ SF , i.e.,
whereΣ SF = max ka {Σ SF (ka)}. The SF increases with the decreasing frequency in the low-frequency range, andΣ SF can be sometimes set to be equal to the Σ SF at the smallest frequency.
The average of MMSEs between the desired and synthesized beampatterns in a given frequency range is
Since the synthesized beampatterns and the corresponding DFs are supposed to be FI in the frequency band of interest, only the desired beampattern and its DF should be constrained, which is different from the above-mentioned frequency-dependent SF and MMSE of the synthesized beampatterns. Actually, the matrix Σ DF in (25) or (29) is approximately independent of the frequency such that the DF in (21) is almost FI in the low-frequency range. Thus, constraining DF d in (11) greater than a given value can guarantee large DFs at other frequencies, which can be equivalently expressed as a H a =ā Hā ≤ µ DF , where µ DF is a preset upper bound.
A multi-constraint optimization problem for designing FI beamformers can be formulated based on the above analyses, which is expressed as
where 0 is the steering direction, SL is the sidelobe (SL) area, µ q are real-valued,Σ DF = I, I is an identity matrix, |·| denotes the absolute value, · indicates -norm, and B d is a vector with entries being expressed as (10) but in which
Note that any µ q (q ∈ {'SL', 'SF', 'δ', 'DF'}) in (35) can be selected as an optimization objective, and the rest will be the constraints. In constraints shown in (35), the first one is to keep the response in the steering direction distortionless. The second constraint is to control the sidelobes, where = 1, 2 or ∞, and µ SL can be a vector. The third, fourth, and fifth constraints are used to keep the sufficient robustness, the good FI, and an adequate DF, respectively.
Setting µ q = ∞ means the corresponding constraint will not work. The optimization problem in (35) can be readily solved using the CVX [20] or SeDuMi [21] toolbox.
B. COMPARISONS WITH THE CDMA APPROACH
, set = ∞ and q to be one of {'SF', 'δ', 'DF'} and the rest to be µ q = ∞. Then (35) can be modified to
Assuming the number of constraints N c is smaller than 2N + 1, then we have N c < M . Consequently, the solution of (36) will bē
It can be proved that the matrix Y is real-valued and thus the vector Y ς will be real-valued. Since the entries (excluding the center one) of each column of the matrixP d are conjugate symmetric and the matrixΣ −1 q is real-valued, the corresponding entries of each column of the matrix X will be also conjugate symmetric. As a result, the entries (excluding the center one) of the vectorā [see (24) and (28)] also exhibit conjugate symmetry, i.e., a −n = a * n . In addition, a 0 is real-valued owing to the center real-valued entry of each column of the matrixP d .
Set a n = α n + iβ n , where both α n and β n are real-valued and β 0 = 0, then a −n = α n − iβ n . Substituting a n and a −n into (10) yields the modified desired beampattern as
The above equation is equivalent to the expression of the asymmetric desired beampattern in [16] , which shows that the proposed method is also convenient to design asymmetric CDMAs. Since the symmetric CDMA solution can be regarded as a particular case of the asymmetric one, both symmetric and asymmetric beampatterns can be achieved using the weighting vector in (37) when appropriate constraints are given. The coefficients a n (or α n and β n ) in [16] can be achieved for maximizing the DF or the front-to-back ratio, and the FI beampatterns at other frequencies can be then synthesized subject to the attenuation or null constraints determined by the theoretical desired beampattern in (38). By contrast, the coefficients a n calculated using (37) can be directly inserted into (13) or (17) to obtain the weighting vector such that the FI beampatterns can be synthesized using (3) . Note that (36) is only one special case of (35), some other design schemes can be provided according to the specific multiple constraints in (35). VOLUME 6, 2018
C. COMPARISONS WITH THE MODAL METHOD
The entries of E in (3) are [18] 
which is similar to the formulation that is used to calculate the circular harmonics based on the discrete circular array in the modal method [9] , [10] . Then, it is found that (3) is also similar to the beampattern expression in the modal method, and the weighting vector of the optimal modal method in [10] is similarly obtained under different constraints by solving an optimization problem. Although the formulations of the proposed method and the modal method are analogous to some extent, they are derived using different principles. The proposed method actually decomposes the optimal weighting vector of the beampattern synthesis based on the circulant properties of the cross-spectral matrix in an isotropic noise field, whereas the modal method decomposes the plane wave field into a series of orthogonal harmonics with the use of the symmetric property of array configuration. Since the approximations in the modal method to extract the circular harmonics are not involved, the solution of the proposed method is accurate without any theoretical errors. Moreover, as the optimal desired beampattern is obtained using (35), the FI beampatterns in the entire frequency band can be directly synthesized because the weighting vectors are all analytical functions of the desired weighting vector, see (13) and (17) . By contrast, the weighting vectors in the optimal modal method proposed in [10] should be calculated at each frequency using the optimization technique. The computation of the proposed method will be simpler than that of the optimal modal method.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS
Some special cases from (35) will be provided in this section, and the related simulations and experimental results will be presented to demonstrate the good performance of the proposed method for designing optimal FI beamformers.
A. SPECIAL CASE 1: CIRCULAR DIFFERENTIAL ARRAYS
This special case is to design optimal circular differential sensor arrays using the proposed method and provide comparisons with the aforementioned asymmetric circular differential array (CDA) method proposed in [16] (termed the ACDA method hereafter).
An example of designing a second-order asymmetric hypercardioid CDA using the proposed method is presented below. A circular array consisting of 12 uniformly spaced elements is considered and the frequency band is set to ka ∈ [0. 1, 6] 
FIGURE 1. Theoretical desired beampatterns.
The desired weighting vector in Table 1 are obtained using (37) and the entries of weighting vectors at other frequencies are calculated using (13) . The achieved desired beampatterns using the proposed method and the ACDA method are shown in Fig. 1 . Because both methods in this case aim at achieving a maximum DF under the same null constraints, the two desired beampatterns almost overlap. Note that the desired beampatterns obtained using the proposed method for circular arrays on acoustically transparent and infinite rigid cylinders are the same in this case. Figures 2 and 3 show the DIs, SIs, and MMSEs of the synthesized broadband beampatterns using the above-mentioned two methods and the delay-and-sum (DAS) method, in which only DIs in cylindrically isotropic noise are calculated here for compactness.
The DIs in Figs. 2a and 3a calculated using the proposed method are almost constant when ka < 6, and the value, approximately equals to 6.53 dB, will be larger than that of the DAS method in the low-frequency band. The SIs of the proposed method shown in Figs. 2b and 3b are larger than that of the DAS method, which indicates that the robustness of the proposed method is reduced. In the high-frequency range, the SI in Fig. 2b shows some peaks owing to the inherent property of the acoustically transparent circular arrays, and the obtained FI beamformer in these frequency peaks will be unavailable because of the low robustness. The peaks will disappear when circular arrays are mounted on the infinite rigid cylinder, cf. Fig. 3b . However, the frequency range of interest for acoustically transparent circular arrays will be properly selected so that the effects of the peaks can 57078 VOLUME 6, 2018 be avoided. The SIs in the low-frequency band increase with a decrease in the frequency, indicating that the smaller the frequency, the lower will be the robustness. The MMSEs of the proposed method in the entire frequency band are the smallest, especially at low frequencies. Some peaks also appear in the MMSE curve in Fig. 2c whereas no peaks are in the MMSE curve in Fig. 3c . Actually, the MMSEs of the proposed method should decrease with a decrease of the frequency. However, the MMSEs of the proposed method in Figs. 2c and 3c increase at low frequencies because of the calculation errors.
The diagonal loading value required in the ACDA method is set to 10 −12 , which is essential to keep the good robustness and numerical stability for designing practical CDAs. The DI of the ACDA method shows good frequency invariance in the low-frequency range, but distortions always exist and they tend to increase with the increasing frequency. By contrast, the DI of the proposed method is almost FI in the frequency range (ka < 6) and the corresponding SI is nearly the same with that of the ACDA method in the low-frequency range. The MMSEs of the ACDA method in Figs. 2c and 3c are much larger than that of the proposed method, which further indicate that the FI property of the proposed method outperforms the ACDA method although the DI and SI of the ACDA method are sometimes better than that of the proposed method. It is shown that the robustness of the DAS method in Figs. 2b and 3b is the best whereas its DIs are the smallest VOLUME 6, 2018 and its MMSEs are the largest at low frequencies (ka < 2.3 for the transparent cylinder case and ka < 1.3 for the rigid cylinder case). The DIs of the DAS and ACDA methods are larger than that of the proposed method when in the large-frequency range (ka > 2.3 for the transparent cylinder case and ka > 1.3 for the rigid cylinder case), but they have no FI property. Figures 4 and 5 show the synthesized broadband beampatterns using the proposed method and the ACDA method. The beampatterns of the proposed method are FI in the frequency band of interest and they are in good agreement with the desired beampattern. Although the nulls of beampatterns are still clear owing to the null constraints that are always involved in synthesizing beampatterns at each frequency, the FI property of broadband beampatterns obtained using the ACDA method is not sufficiently good when the frequency becomes large, as indicated by the DIs shown in Figs. 2a and 3a . Adding more constraints may improve the FI performance of the ACDA method, but the selection of detailed constraints is not straightforward. Note that the frequency range shown in Figs. 2∼5 is larger than the desired range with the aim of clearly illustrating the performance of the methods and comparing with the results below. A 24-element acoustically transparent uniform circular array is considered in the next example, and the other parameters are the same as those in the above example.
The DIs, SIs, and MMSEs of the 24-element circular array obtained using the proposed and ACDA methods are compared with those of the 12-element case in Fig. 6 . The constant DI frequency range of the proposed method for the 24-element case is clearly larger than that of the proposed method for the 12-element case, and the former SI is smaller than the latter one. The MMSEs of the proposed method for the 24-element case are much smaller than that for the 12-element case, although they are approximately equal in the low-frequency range owing to calculation errors. The MMSEs of the ACDA method in both cases overlap and they are clearly larger than that of the proposed method. It is demonstrated that increasing the number of the elements will not only improve the robustness, but also increase the FI frequency band. Comparing the synthesized broadband beampatterns shown in Fig. 7a with those in Fig. 4a also exhibits the same property, i.e., the proposed method provides FI beampatterns in a wider frequency range for M = 24 than that for M = 12. Moreover, the FI property of the proposed method is also better than that of the ACDA method in the 24-element case, cf. Figs. 7a and 7b. An acoustically transparent uniform circular array consisting of 24 omnidirectional hydrophones with a diameter of 3 m was used to collect practical data in a lake experiment. Some more details can be found in [13] , which are not be presented here for brevity. The actual manifold vectors can be obtained based on the measured data using the method presented in [22] . Synthesized practical beampatterns for the 12-element case using the proposed and the ACDA methods at ka = 1.89, 2.81, 3.22, 4.83, 6 .03, and 6.43 are shown in Figs. 8a and 8b , respectively. Note that only 12 hydrophones in the experimental array are selected to constitute the 12-element uniform circular array in this case. The beampatterns of the proposed method at all frequencies agree well with the desired one, whereas the beampatterns of the ACDA method show apparent disagreements. Specifically, some mainlobes become narrow and some sidelobes are raised. Figures 8c and 8d show the synthesized beampatterns of the two methods for the 24-element case in which all data of the experimental circular array are used. The frequencies include ka = 1.89, 2.81, 3.22, 4.83, 6.03, 6.43, 8.04, 9 .25, and 9.65, among which some large frequencies are added. The properties similar to the 12-element case are also observed, i.e., the beampatterns of the proposed method agree well with the desired one, but those of the ACDA method show clear disagreements. Note that the beampatterns of the 12-element case at the large frequencies added for the 24-element case are not shown in Figs. 8a and 8b . Consequently, adding more elements can increase the FI frequency range for the proposed method, but it is not true for the ACDA method. Moreover, the DIs and SIs of the ACDA method are sometimes better than those of the proposed method, but the good FI property of the proposed method is evident. It is clear that the proposed method can provide a better trade-off among the FI property, DI, and SI than the ACDA method for designing CDAs.
B. SPECIAL CASE 2: OPTIMAL FI BEAMFORMERS WITH MULTIPLE CONSTRAINTS
This special case aims at designing optimal FI beamformers with multiple constraints, such as the directivity, VOLUME 6, 2018 The desired weighting vector computed using (35) are listed in Table 2 , and the desired beampattern is shown in Fig. 10 . The maximum SI, the maximum sidelobe in the constraint area for the desired beampattern, and the obtained average MMSE are approximately equal to 35 dB, −20 dB, −43.96 dB, respectively, all of which satisfy the preset constraints. The obtained DIs, SIs, and broadband beampatterns are shown in Fig. 9 . All DIs in the entire frequency band are approximately equal to 6.88 dB, and the corresponding broadband beampatterns are almost FI. The synthesized practical beampatterns using the 12-hydrophone data in the above-mentioned experiment at ka = 1.89, 2.81, 3.22, 4.83, 6.03, and 6.43 are shown in Fig. 10 , which all agree well with the desired beampattern and exhibit the good FI property. The mainlobe of the desired beampattern is deliberately pointed to φ 0 = 137 • that is randomly selected, and the synthesized broadband beampatterns are all steered to the same direction. Actually, the proposed method can design arbitrarily steered FI beamformers because of the complex-weighted desired beampattern. Note that the desired beampattern and the synthesized broadband beampatterns in this section cannot be directly obtained using the ACDA method, indicating the former method is more flexible in terms of designing FI beamformers than the latter one. 
V. REMARKS
Since many FI beamforming methods have been proposed for circular sensor arrays, it is necessary to clearly find out the application scope of these different methods.
Generally, if the accuracy is not an issue, the modal methods in [9] - [11] are a good choice for synthesizing FI beampatterns. If the computation is not important, the optimal modal method in [10] can also be suitable to provide flexible results. When symmetric FI beampatterns are required and the desired beampattern is given, the methods in [13] - [15] can be used. The ACDA method in [16] can be applied to design asymmetric FI beamformers in a certain frequency range with proper accuracy. In comparison with these methods, the proposed method provides flexible schemes to design different FI beamformers for circular arrays, including symmetric and asymmetric CDAs. It is demonstrated that the proposed method can provide a better trade-off among the frequency invariance, DI, and SI than the other methods for designing CDAs in a wide frequency band when the number of elements is sufficiently large. Since only the desired weighting vector is required to be computed using the optimization algorithm, the computation of the proposed method is simpler than the optimal modal method in [10] . Moreover, the proposed method involves no approximation errors associated with the modal methods. It is seen that the proposed method can be readily used in more applications compared with other related methods.
VI. CONCLUSIONS
An optimal method for designing FI beamformers for circular sensor arrays is proposed in this paper. The closed-form weighting vectors at each frequency are accurately derived by approximating to a generally formulated desired beampattern from the MMSE perspective. It is found that these obtained weighting vectors are all closed-form functions of the desired complex-weighting vector. The optimal desired weighting vector subject to different constraints can be achieved by solving a multiple-constraint optimization problem, and the weighting vectors at other frequencies can be straightforwardly computed based on the previously derived analytical functions. Simulations and experimental results demonstrate the good performance of the proposed method in designing flexible FI beamformers. Dr. Yang is currently a member of the Acoustical Society of America. He is also the Chair of the Underwater Acoustics Committee of the Acoustical Society of China.
